Formation, stability and antioxidant activity of food-grade multilayer emulsions containing resveratrol by Acevedo Fani, Alejandra et al.
  
 
 
 
 
 
 
 
 
Document downloaded from: 
 
http://hdl.handle.net/10459.1/69385 
 
 
The final publication is available at: 
 
https://doi.org/10.1016/j.foodhyd.2017.05.007 
 
 
 
 
 
 
 
 
Copyright 
 
cc-by-nc-nd, (c) Elsevier, 2017 
 
 
 
 
 
 
Està subjecte a una llicència de 
Reconeixement-NoComercial-SenseObraDerivada 3.0 de Creative Commons 
Accepted Manuscript
Formation, stability and antioxidant activity of food-grade multilayer emulsions
containing resveratrol
Alejandra Acevedo-Fani, Hélder Daniel Silva, Robert Soliva-Fortuny, Olga Martín-
Belloso, Antonio A. Vicente
PII: S0268-005X(16)30562-8
DOI: 10.1016/j.foodhyd.2017.05.007
Reference: FOOHYD 3888
To appear in: Food Hydrocolloids
Received Date: 8 October 2016
Revised Date: 10 April 2017
Accepted Date: 8 May 2017
Please cite this article as: Acevedo-Fani, A., Silva, Hé.Daniel., Soliva-Fortuny, R., Martín-Belloso, O.,
Vicente, A.A., Formation, stability and antioxidant activity of food-grade multilayer emulsions containing
resveratrol, Food Hydrocolloids (2017), doi: 10.1016/j.foodhyd.2017.05.007.
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
1 
 
Formation, stability and antioxidant activity 1 
of food-grade multilayer emulsions 2 
containing resveratrol  3 
Authors: 4 
a
 Acevedo-Fani, Alejandra 5 
b
 Silva, Hélder Daniel 6 
a Soliva-Fortuny, Robert 7 
a
 Martín-Belloso, Olga* 8 
b
 Vicente, Antonio A  9 
*E-mail and fax number of the corresponding author: omartin@tecal.udl.cat. +34 973 702 596 10 
Affiliations: 11 
a
 Department of Food Technology 12 
University of Lleida – Agrotecnio Centre 13 
Av. Alcalde Rovira Roure 191 14 
25198, Lleida, Spain 15 
b Centre of Biological Engineering 16 
University of Minho 17 
Campus de Gualtar 18 
4710-057, Braga, Portugal19 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
2 
 
ABSTRACT 20 
Interfacial deposition of biopolymer layers on oil droplets may be a suitable strategy for 21 
increasing the emulsion stability and protection of functional ingredients. Resveratrol is 22 
a naturally occurring phenolic compound with numerous health-promoting properties, 23 
but its usage is still restricted due to its poor water solubility and high chemical 24 
instability. The aim of this study was to formulate single-layer (lactoferrin) and 25 
multilayer (lactoferrin/alginate and lactoferrin/alginate/ε-poly-L-lysine) emulsions 26 
containing resveratrol and to study the emulsions stability and antioxidant activity 27 
during storage. All primary (single-layer) emulsions had average droplet diameters 28 
below 300 nm and ζ-potentials strongly positive, allowing the electrostatic deposition of 29 
another layer of anionic biopolymer, such as alginate. Secondary (multilayer) emulsions 30 
were highly unstable at low alginate concentrations, which was attributed to the 31 
bridging flocculation. At higher alginate concentrations, secondary emulsions were 32 
rather stable. Tertiary emulsions containing either low or high ε-poly-L-lysine 33 
concentrations presented flocculation, but formulations with 0.0036% (w/w) were fairly 34 
stable. The antioxidant activity of all resveratrol-loaded emulsions did not significantly 35 
change during storage, whereas it decreased in non-encapsulated resveratrol oil from the 36 
third week onwards. This study provides useful information for the design of delivery 37 
systems for resveratrol with relevance in food applications.  38 
KEYWORDS: multilayer emulsions, layer-by-layer deposition, resveratrol, lactoferrin, 39 
alginate, poly-L-lysine.40 
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1. INTRODUCTION 41 
Encapsulating active food ingredients for their incorporation in food products is still a 42 
challenging task to the food industry. The use of nanostructured delivery systems, such 43 
as multilayer emulsions, might be a potential strategy to reach this goal. Multilayer 44 
emulsions are emulsions with oil droplets coated by more than one interfacial layer of 45 
charged emulsifiers and/or biopolymers, created by the stepwise electrostatic deposition 46 
of oppositely charged materials (Bortnowska, 2015; McClements, Decker, Park, & 47 
Weiss, 2009). Previous findings have shown that multilayer emulsions are highly stable 48 
to pH changes, high ionic strength, temperature (either heating or freezing) and 49 
dehydration, due to the presence of a thick interfacial layer (Fioramonti, Arzeni, Pilosof, 50 
Rubiolo, & Santiago, 2015; Liu, Wang, Sun, McClements, & Gao, 2016; Noshad, 51 
Mohebbi, Koocheki, & Shahidi, 2015; Schmelz, Lesmes, Weiss, & McClements, 2011). 52 
This physical property might potentially enhance the protection of sensitive active 53 
ingredients encapsulated in these systems. In addition, the composition of the interfacial 54 
coating can be designed so that multilayer emulsions respond to specific triggers, 55 
releasing encapsulated ingredients (Cerqueira et al., 2014; Guzey & McClements, 2006; 56 
Shchukina & Shchukin, 2012). 57 
Proteins and polysaccharides are suitable materials to produce multilayer emulsions 58 
since they can be used either as emulsifiers or as building blocks for the multilayer 59 
coatings. Lactoferrin is an iron-chelating glycoprotein mainly found in the breast milk 60 
of mammalian species, which plays an important role in the defense system due to its 61 
antimicrobial, antiviral and antioxidant properties (O’Regan, Ennis, & Mulvihill, 2009). 62 
From a technological point of view, lactoferrin is a cationic polyelectrolyte at neutral 63 
pH because of its high isoelectric point (pI ≈ 9) (Bokkhim, Bansal, GrØndahl, & 64 
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Bhandari, 2013). Previous studies indicate that lactoferrin has excellent emulsifying 65 
capacity, forming small droplet size o/w emulsions (Mao, Dubot, Xiao, & McClements, 66 
2013; Pinheiro, Coimbra, & Vicente, 2016; Shimoni, Shani Levi, Levi Tal, & Lesmes, 67 
2013) and rather stable systems in the presence of divalent ions (McCarthy, Kelly, 68 
O’Mahony, & Fenelon, 2014). Lactoferrin, used either as additive in the emulsion or 69 
deposited at the o/w interface, has been shown to increase the chemical stability of 70 
emulsions (Lesmes, Sandra, Decker, & McClements, 2010; Nina S. Nielsen et al., 71 
2004).  Alginate is a polysaccharide widely used as a thickening agent in food products. 72 
Since alginate exhibits anionic properties above its pKa ( ≈ 3.6), it is one of the 73 
polysaccharides mostly utilized to produce food-grade nanostructures through 74 
electrostatic interactions (Bokkhim, Bansal, Grøndahl, & Bhandari, 2016; Chang, 75 
McLandsborough, & McClements, 2014; Choi, Kim, Cho, Hwang, & Kim, 2011; 76 
Hosseini, Emam-Djomeh, Sabatino, & Van der Meeren, 2015). The ε-poly-L-lysine is a 77 
polypeptide with cationic properties at neutral pH due to its high isoelectric point (pI ≈ 78 
9). The importance of ε-poly-L-lysine in the food sector lies on the strong antimicrobial 79 
activity over a wide number of pathogenic and spoilage microorganisms (Yoshida, 80 
Hiraki, & Nagasawa, 2005). 81 
Resveratrol is a naturally occurring phenolic compound mainly found in grapes’ skin 82 
and berry fruits and belongs to the stilbenes family. Several investigations have 83 
evidenced important biological properties for resveratrol, including antioxidant activity, 84 
anti-inflammatory, anti-carcinogenic, cardio-protective or neuro-protective effect 85 
(Brown et al., 2010; Kim, Jin, Choi, & Park, 2011; Park et al., 2012; Witte, Kerti, 86 
Margulies, & Flöel, 2014; Xu & Si, 2012). For these reasons, there is an increasing 87 
interest in the use of resveratrol as nutraceutical in food products. However, resveratrol 88 
has poor water solubility (Amri, Chaumeil, Sfar, & Charrueau, 2012; Zupančič, Lavrič, 89 
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& Kristl, 2015) and is highly sensitive to environmental stresses. In fact, the resveratrol 90 
molecule shows extensive photo-isomerization under UV light exposure (Davidov-91 
Pardo & McClements, 2014; Trela & Waterhouse, 1996). It has been described that 92 
resveratrol encapsulation into food-grade delivery systems, such as emulsions, might be 93 
a feasible alternative to reduce the above-mentioned drawbacks (Davidov-Pardo & 94 
McClements, 2014).  95 
Previously, lipophilic and highly sensitive active ingredients have been encapsulated 96 
into single-layer emulsions, observing their rapid chemical degradation and emulsion 97 
instability at extreme pH and temperature conditions during storage (Davidov-Pardo, 98 
Gumus, & McClements, 2016). Considering that multilayer emulsions are highly stable 99 
systems to several stressing conditions, it was hypothesized that these systems might be 100 
a potential delivery system for resveratrol. On the other hand, the formation and 101 
stability of multilayer emulsions depend on several factors such as droplet size, droplet 102 
concentration, or biopolymer concentration in the emulsion, and processing parameters 103 
including pH, ionic strength, dielectric constant, temperature or stirring as well (Guzey 104 
& McClements, 2006; Ye & Singh, 2007).  105 
The biopolymer concentration in aqueous phase significantly affects the stability of the 106 
system and can lead to droplets flocculation (Bouyer, Mekhloufi, Rosilio, Grossiord, & 107 
Agnely, 2012). Previous studies have shown that the stability of multilayer emulsions 108 
containing protein-stabilized droplets and polysaccharides can change from stable, 109 
unstable to stable, by increasing the polysaccharide concentration from zero to a 110 
relatively high amount (Cho & McClements, 2009). Therefore, finding an adequate 111 
biopolymer concentration for preparing multilayer emulsions is crucial to obtain stable 112 
systems. The objective of the present work was to evaluate the effect of the biopolymer 113 
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concentration on the formation of primary (lactoferrin-coated droplets), secondary 114 
(lactoferrin/alginate-coated droplets) and tertiary (lactoferrin/alginate/ε-poly-L-lysine-115 
coated droplets) emulsions containing resveratrol. The physical stability and antioxidant 116 
activity of the emulsions were examined during storage. 117 
2. MATERIALS AND METHODS 118 
2.1. Materials 119 
Resveratrol extracted from grape skin (purity > 99%) was kindly supplied by Changsha 120 
Organic Herb Inc./ Phyto Nutraceutical Inc. (Changsha, China). Corn oil (Fula®, 121 
Sovena, Portugal) was purchased from a local supermarket. Lactoferrin was obtained 122 
from DMV International (Veghel, The Netherlands). The composition provided by the 123 
manufacturer and expressed as a dry weigh percentage was: 96% protein, 0.5% ash, 124 
3.5% moisture and 120 ppm iron content. Sodium alginate was purchased from Kelco 125 
International, Ltd. (Aberdeen, UK) and ε-poly-L-lysine (Epolyly®, MW 30 kDa) was 126 
purchased from Handary S.A (Brussels, Belgium). The 1,1-diphenyl-2-picrylhydrazyl 127 
radical (DPPH) was purchased from Sigma-Aldrich (Madrid, Spain). All emulsions and 128 
biopolymer solutions were prepared with deionized water extracted from a Milli-Q 129 
system (Millipore Corp., Massachusetts, USA). 130 
2.2. Preparation of single-layer and multilayer emulsions 131 
2.2.1. Primary emulsions 132 
The oil phase of emulsions was prepared by dissolving resveratrol powder in small 133 
amounts of absolute ethanol and incorporating the previous blend to corn oil, followed 134 
by mixing in a vortex for 2 min to ensure the complete resveratrol dispersion. Ethanol 135 
was used as a co-solvent to enhance dissolution of resveratrol crystals in oil (Sessa, 136 
Tsao, Liu, Ferrari, & Donsì, 2011). The concentration of ethanol in corn oil was 0.04 137 
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g/g. The lipid phase was homogenized with the aqueous phase containing the emulsifier 138 
agent (lactoferrin solutions at 1.0%, 1.5% and 2.0% w/w, pH ≈ 5.3) using a high-shear 139 
blender at 5000 rpm for 2 min (Ultra-turrax T25, IKA Werke, Staufen, Germany). The 140 
final systems contained 0.01% w/w resveratrol, 0.20% w/w ethanol, 5.00% w/w corn 141 
oil, and 0.95% w/w, 1.42% w/w or 1.90% w/w lactoferrin. Afterwards, a second 142 
homogenization was carried out in a high-pressure homogenizer (Nano DeBEE, BEE 143 
International, USA) at 22,000 psi and 5 cycles. In this case, the term ‘primary 144 
emulsions’ was referred to emulsions with oil droplets coated by a single lactoferrin 145 
layer. Primary emulsions were adjusted to pH 5 using 0.1 M HCl. Formulations that 146 
obtained the smallest droplet size and sufficiently strong electrical charge (as measured 147 
by ζ-potential) were selected for assembling a second alginate interfacial layer. 148 
2.2.2. Secondary emulsions 149 
To prepare secondary emulsions, 5 mL of sodium alginate solutions at different 150 
concentrations and 15 mL of water were added to 5 mL of primary emulsions under 151 
continuous stirring and at a dripping rate of 10 mL/min. The resulting emulsions 152 
contained 0.002% w/w resveratrol, 1.00% w/w corn oil, 0.38% w/w lactoferrin, and 153 
from 0.02% to 0.28% w/w alginate. All components were previously adjusted to pH 5, 154 
since at this pH biopolymers would be sufficiently charged to form electrostatic 155 
complexes. Emulsions were stirred for 15 additional min at room temperature. 156 
Secondary emulsions were sonicated for 10 min to disrupt possible flocs formed during 157 
alginate adsorption. In this case, the term ‘secondary emulsions’ was referred to 158 
emulsions with oil droplets coated by lactoferrin-alginate layers. The most stable 159 
formulation was used for assembling a third ε-poly-L-lysine interfacial layer. 160 
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2.2.3. Tertiary emulsions 161 
To form tertiary emulsions, 5 mL of ε-poly-L-lysine solutions at different 162 
concentrations and 45 mL of water were added to 5 mL of secondary emulsions under 163 
continuous stirring and at a dripping rate of 10 mL/min. The final composition of 164 
emulsions was 0.0002% w/w resveratrol, 0.090% corn oil, 0.030% w/w lactoferrin, 165 
0.020% w/w alginate, and from 0.009% to 0.045% w/w ε-poly-L-lysine. The 166 
biopolymer solutions, water and emulsions were adjusted to pH 5 before blending them 167 
to induce alginate/ε-poly-L-lysine electrostatic interactions. Mixtures were stirred for 15 168 
additional min at room temperature. Finally, tertiary emulsions were sonicated as 169 
described in section 2.2.2. In this case, the term ‘tertiary emulsions’ was referred to 170 
emulsions with oil droplets coated by lactoferrin-alginate-ε-poly-L-lysine layers. 171 
2.3. Droplet size and polydispersity index measurements 172 
The droplet size of the emulsions was determined by dynamic light scattering in a laser 173 
diffractometer (Zetasizer NanoZS, Malvern Instruments, Worcestershire, U.K.), fitted 174 
with a laser at 633 nm and a backscatter detector (173º) at 25 ºC. Primary and secondary 175 
emulsions were diluted prior to analysis with ultrapure water (pH 5) at a ratio of 1:100 176 
(v/v) to avoid multiple scattering effects. Tertiary emulsions were analyzed at a ratio of 177 
1:10 (v/v). Measurements were performed in triplicate. 178 
2.4. ζ- potential measurements 179 
The electrophoretic mobility of the droplets was analyzed by Laser Doppler 180 
Velocimetry (LDV) and converted into ζ-potentials using the Smoluchowski equation in 181 
a Zetasizer Nano ZS device (Malvern Instruments, Worcestershire, U.K.). Primary and 182 
secondary emulsions were diluted prior to analysis with ultrapure water (pH 5) at a ratio 183 
of 1:100 (v/v), whereas tertiary emulsions were analyzed 1:10 (v/v) by placing samples 184 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
9 
 
in plastic zeta cells (DTS 1061, Malvern, UK), and equilibrating them at 25 ºC during 185 
60 s. Analyses were performed in triplicate. 186 
2.5. Short-term stability 187 
The physical stability of single-layer and multilayer emulsions was analyzed through 188 
changes in their size and interfacial electrical charge. Analyses of droplet size and ζ-189 
potentials were performed as described in sections 2.3 and 2.4. Emulsions were stored 190 
in conical centrifuge tubes of 15 mL (FalconTM, Fisher Scientific) during four weeks at 191 
room temperature (≈ 25 ºC) and lighting. Emulsions were examined every seven days. 192 
Two independent runs were carried out for each emulsion type. 193 
2.6. Transmission Electron Microscopy imaging 194 
The morphology of single-layer emulsions and multilayer emulsions was evaluated by 195 
transmission electron microscopy (TEM) (EM 902A, ZEISS, Germany) operating at 80 196 
kV. TEM samples were prepared by depositing the single-layer emulsions and 197 
multilayer emulsions suspensions on a carbon-coated copper grid, and negatively 198 
stained with 1 % (w/v) uranyl acetate for observation. Samples were air-dried before 199 
analyses. 200 
2.7. Antioxidant activity 201 
The scavenging effect of resveratrol-enriched corn oil, primary, secondary and tertiary 202 
emulsions on DPPH• radical was evaluated through a method described by Pinheiro et 203 
al., (2015) with some modifications. Briefly, 1 mL of each emulsion was blended with 4 204 
mL of ethanol absolute to promote the emulsion leakage and release of resveratrol. 205 
Then, an aliquot of 0.3 mL was mixed with 0.2 mL of ethanol absolute and 2.5 mL of 206 
DPPH• solution (60 µM in ethanol) in a 10 mL test tube, achieving a total volume of 3.0 207 
mL. Solutions were kept under dark conditions during 30 min at room temperature to 208 
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carry out the reaction. Absorbance was measured at 515 nm using a Multi-Detection 209 
Microplate Reader SynergyTM HT (Biotek, Winooski, USA). The radical scavenging 210 
activity of emulsions was calculated through Eq. (1) as follows: 211 
	
	% =   × 100      (1) 212 
where Ao is the absorbance of the DPPH• solution and A is the absorbance of the sample 213 
with DPPH•. Two independent experiments were carried out and samples were analyzed 214 
in triplicate. 215 
2.8. Statistical analysis 216 
Data were analyzed through a one-way analysis of variance (ANOVA) using the 217 
statistical and graphing software SigmaPlot 11.0 Windows package (Systat software 218 
Inc.). The Holm-Sidak method was used to determine significant differences among 219 
mean values at 5% of significance level. All results are presented as the average results 220 
and standard deviations.  221 
3. RESULTS AND DISCUSSION 222 
3.1. Effect of lactoferrin concentration on the primary emulsions 223 
formation 224 
The properties of primary emulsions were significantly affected by the lactoferrin 225 
concentration in the aqueous phase (p < 0.05) (Table 1). The droplet size decreased as 226 
the lactoferrin concentration increased in primary emulsions, reaching 187 nm at 1.90% 227 
w/w. However, all formulation presented very small droplet sizes (< 300 nm). The 228 
polydispersity index (PdI) also decreased in emulsions containing the highest lactoferrin 229 
concentration. The droplet size distributions of primary emulsions with a lactoferrin 230 
concentration below 1.42% w/w were multimodal, characterized by a main broad peak 231 
around 400 nm and a minor intensity peak around 4000 nm (that was not completely 232 
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detected by the measurement device) (Fig. 1). This result indicated that some bigger 233 
droplets were not disrupted during homogenization, or that the lactoferrin concentration 234 
was not enough to saturate the interface of newly oil droplets created, thus leading to 235 
their coalescence. However, primary emulsions containing 1.90% w/w lactoferrin 236 
presented monomodal particle size distributions, indicating that sufficient concentration 237 
of lactoferrin was available to adsorb at the surface of newly created oil droplets. It has 238 
been established that nanometric size emulsions (between 20-200 nm) are more stable to 239 
gravitational separation and particle aggregation than conventional emulsions 240 
(McClements & Rao, 2011), and this feature is especially important to produce stable 241 
multilayer emulsions.  242 
The electrical charge (ζ-potential) of lactoferrin-coated droplets was strongly positive 243 
regardless the lactoferrin concentration, ranging from 45 mV to 50 mV. This confirmed 244 
that lactoferrin molecules were adsorbed at the o/w interface of droplets forming 245 
cationic interfacial layers. A strong interfacial electrical charge not only increases the 246 
emulsions stability due to the strong repulsive forces among droplets, but also allows 247 
the deposition of another interfacial layer of opposite charge. Results obtained in this 248 
experiment are in good agreement with others previously published of lactoferrin-249 
stabilized emulsions, where the droplet size and ζ-potential of emulsions containing 250 
1.50% w/w lactoferrin were ≈ 230 nm and ≈ 50 mV, respectively (Zhao, Wei, Wei, 251 
Yuan, & Gao, 2015). Based on these results, primary emulsions that contained 1.90% 252 
(w/w) lactoferrin were selected for the formation of secondary emulsions for presenting 253 
the smallest droplet size, monomodal particle size distributions and a strong positive ζ-254 
potential.  255 
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3.2. Effect of alginate concentration on the secondary emulsions 256 
formation 257 
To create a second interfacial layer on lactoferrin-coated droplets, different 258 
concentrations of alginate were tested. The droplet size and ζ-potential were assessed in 259 
order to establish the optimal alginate concentration necessary to form stable secondary 260 
emulsions. In general, the alginate concentration significantly influenced the droplet 261 
size and ζ-potential of secondary emulsions (Fig. 2) (p < 0.05). First, there was an 262 
abrupt increase in the droplet size from 187 nm up to 8700 nm when the alginate 263 
concentration increased to 0.02% w/w, and the emulsions showed a visible phase 264 
separation after 15 min of preparation (Fig. 2A). This result indicated that emulsions 265 
presented extensive flocculation at low alginate concentrations, which could be ascribed 266 
to a bridging flocculation effect. If the biopolymer concentration in the aqueous phase 267 
of emulsions is insufficient to saturate droplets’ surface, then a single molecular chain 268 
tends to adsorb to the surface of several droplets simultaneously, promoting their 269 
aggregation. The droplet size of emulsions have been reported to play a crucial role in 270 
the bridging flocculation occurrence. If the droplet size decreases the incidence of 271 
bridging flocculation may increase, since the time between droplet collision decreases 272 
more rapidly than the time required for droplets surface to be saturated by biopolymers 273 
in the aqueous phase (Cho & McClements, 2009). However, bridging flocculation can 274 
be reduced if the biopolymer concentration in the emulsion increases (Dickinson, 2003; 275 
Heurtault, 2003; McClements, 2005). This effect was also observed in the secondary 276 
emulsions using a higher alginate concentration. The droplet size gradually decreased 277 
from 1590 nm to 589 nm by increasing alginate concentration from 0.04% to 0.16% 278 
w/w in the aqueous phase, although these emulsions were unstable after 24 h.  279 
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At relatively high alginate concentration (> 0.18% w/w), the droplet size decreased even 280 
more (249 nm), emulsions were highly stable and droplets did not precipitated after 24 h 281 
(Fig. 2A). This suggested that there was sufficient alginate in the aqueous phase to fully 282 
saturate the surface of lactoferrin-coated droplets, thus reducing bridging flocculation.  283 
The initial ζ-potential of lactoferrin-coated droplets (46 mV) significantly decreased to -284 
2.6 mV in emulsions that contained 0.02% w/w alginate (Fig. 2B). This result suggests 285 
that there was a charge neutralization and lactoferrin-coated droplets were barely coated 286 
by alginate molecules, since the alginate concentration was insufficient to allow a 287 
charge reversal at the positive interface (lactoferrin layer). However, greater 288 
concentrations of alginate (from 0.04% to 0.20% w/w) led to more negative ζ-potentials 289 
(from -28 mV to -54 mV), and hence there were more alginate molecules available to be 290 
adsorbed onto lactoferrin-coated droplets (Fig. 2B).  291 
By increasing more the alginate concentration (> 0.22% w/w) in secondary emulsions, 292 
the ζ-potential plateaued, which could be attributed to a complete saturation of the 293 
lactoferrin-coated droplets by alginate, forming a new anionic layer. In this case, 294 
secondary emulsions were stable due to the strong electrostatic repulsion among 295 
droplets. It also means that some unbound alginate molecules were in the aqueous phase 296 
of emulsions in which the ζ-potential did not change in spite of the alginate 297 
concentration being increased. Unbounded biopolymer chains could lead to emulsions 298 
instability either by the formation of electrostatic complexes with oppositely changed 299 
species during the preparation of multilayer emulsions or by depletion interactions. For 300 
this reason, the formulation of secondary emulsions selected to prepare tertiary 301 
emulsions was that containing 0.22% w/w alginate. This emulsion exhibited small 302 
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droplet size, very negative ζ-potential but without containing excessive unbound 303 
alginate chains in the aqueous phase.  304 
3.3. Effect of ε-poly-L-lysine concentration on the tertiary 305 
emulsions formation 306 
To create a third interfacial layer around alginate/lactoferrin-coated droplets, several ε-307 
poly-L-lysine concentrations in the emulsions were investigated. The aim of these 308 
experiments was to obtain an optimal ε-poly-L-lysine concentration that allows 309 
producing stable tertiary emulsions, this was assessed through changes in the droplet 310 
size and droplet charge (ζ-potential) (Fig. 3).  311 
The average droplet size of tertiary emulsions increased from 298 nm to 325 nm at 312 
0.009% ε-poly-L-lysine. This behavior was more evident when polypeptide 313 
concentration increase to 0.018%, with droplet sizes around 870 nm and instant phase 314 
separation of the emulsions after preparation. Results indicate that emulsions were 315 
rather unstable containing low polypeptide concentrations in the aqueous phase, which 316 
was ascribed to the bridging flocculation. However, a significant decrease in droplet 317 
size (417 nm) was observed when the ε-poly-L-lysine concentration increased to 318 
0.036% w/w, and in this case tertiary emulsions were visibly stable after 24 h.  319 
At a higher ε-poly-L-lysine concentration (0.045% w/w) in the aqueous phase, the 320 
droplet size of tertiary emulsions increased above 1 µm, evidencing a phase separation 321 
in the emulsions (Fig. 3A). Results indicated that tertiary emulsions were highly 322 
unstable at the highest ε-poly-L-lysine concentration and droplets aggregation occurred, 323 
which could be attributed to a depletion flocculation effect. This instability phenomenon 324 
takes place in the presence of excessive amounts of non-adsorbed biopolymer in the 325 
aqueous phase of emulsions, which cause attractive interactions between droplets and 326 
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their consequent aggregation (Benjamin, Silcock, Leus, & Everett, 2012; McClements, 327 
2000).  328 
On the other hand, the magnitude of the electrical charge of alginate/lactoferrin-coated 329 
droplets decreased from -64.2 mV to -25.6 mV, increasing the concentration of ε-poly-330 
L-lysine in emulsions to 0.009% (w/w) (Fig. 3B). Although the net charge of the 331 
particles was still negative, this decrease suggested that not enough of ε-poly-L-lysine 332 
molecules adsorbed on the oil droplets’ surface to completely cover them. Probably, the 333 
interfacial electrical charge of droplets was the resulting contribution of uncoated 334 
negative alginate patches and positive ε-poly-L-lysine patches adsorbed on the droplets’ 335 
surface. By increasing the ε-poly-L-lysine concentration to 0.018% (w/w), the ζ-336 
potential of tertiary emulsions changed to positive values (25.8 mV). At higher ε-poly-337 
L-lysine concentrations (> 0.036% w/w), the magnitude of the positive ζ-potential 338 
continued increasing in tertiary emulsions. From these results it was possible to infer 339 
that a third interfacial layer was created around droplets, being stabilized by the strong 340 
electrostatic repulsion. The optimal formulation of tertiary emulsions selected for the 341 
subsequent analyses was that containing 0.036% w/w ε-poly-L-lysine, since these 342 
emulsions presented small droplet sizes and strong positive ζ-potential. 343 
3.4. Short-term stability 344 
The physical stability of single-layer and multilayer emulsions were evaluated 345 
monitoring changes in their droplet size and droplet charge during storage (Fig. 4). 346 
Emulsions were maintained at room temperature and lighting, simulating conventional 347 
storage conditions of non-perishable foods. The initial average droplet size of primary 348 
emulsions was 187 nm, and no significant changes were observed after four weeks (p < 349 
0.05) (Fig. 4A). However, secondary emulsions initially showed a slight increase from 350 
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227 nm to 274 nm in the second week, maintaining similar average droplet sizes until 351 
the end of storage. These results could be attributed either to a flocculation phenomenon 352 
or to the subsequent adsorption of remaining free alginate molecules at the o/w interface 353 
during storage. Changes in the particle size distributions were also observed after 14 354 
days (data not shown), observing small intensity peaks in the micrometric region that 355 
suggests the presence of bigger particles, probably originated due to the flocculation of 356 
smaller droplets. The initial droplet diameters of tertiary emulsions decreased from 416 357 
nm to 388 nm in the second week. This could be ascribed to rearrangements of ε-poly-358 
L-lysine chains at the interface into a denser molecular packing, resulting in a smaller 359 
hydrodynamic diameter. It has been previously reported that multi-layered structures are 360 
formed by an initial rapid adsorption of the molecular chains to the substrate, followed 361 
by slow changes in chains’ conformation until reaching an energetic equilibrium 362 
(Marudova, Lang, Brownsey, & Ring, 2005). Despite these events, droplet sizes of 363 
tertiary emulsions did not show further changes during storage.  364 
The ζ-potential values of single-layer and multilayer emulsions are shown in Fig. 4B. 365 
Primary emulsions exhibited a remarkable decrease in the ζ-potential from 45.8 mV to 366 
15.9 mV after 4 weeks, which indicated changes in the net charge of the protein-coated 367 
droplets. The decrease in the positive interfacial charge of droplets might be related with 368 
the protein folding and unfolding located at the o/w interface, probably originated by a 369 
disulfide shuffling or crosslinking mechanisms. Other factors might also have an effect 370 
on the interfacial properties of lactoferrin-coated droplets, such as the adsorption of 371 
positive mineral ions, interactions with oxygen or metals, or even the production of free 372 
fatty acids coming from the lipids breakdown of the disperse phase. These results are in 373 
concordance with those previously reported for lactoferrin stabilized emulsions, where a 374 
decreased in the positive ζ-potential was observed after 14 days of storage (Mao et al., 375 
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2013). In another study, citral emulsions stabilized with milk proteins presented changes 376 
in the ζ-potential after four weeks (Xiang, Liu, Fan, & Gao, 2015).   377 
On the contrary, secondary emulsions did not show variations in the ζ-potential after 378 
four weeks. Results suggest that the presence of an additional interfacial alginate layer 379 
could increase the emulsion stability, probably by avoiding interactions between 380 
lactoferrin molecules and other reactive species or decreasing redox reactions within the 381 
protein located at the o/w interface. The ζ-potential of tertiary emulsions also remained 382 
stable during storage time, with only a slight decrease from 35.6 ± 0.15 mV to 29.2 ± 383 
0.42 mV after 7 days. From the second to the fourth storage week, the ζ-potential of 384 
tertiary emulsions did not present significant differences.  385 
3.5. Microstructure 386 
The microstructure of single-layer and multilayer emulsions was observed by TEM 387 
(Fig. 5). The morphology of lactoferrin-coated oil droplets in primary emulsions 388 
showed a well-defined spherical shape surrounded by a discrete interface corresponding 389 
to lactoferrin layer (Fig. 5A). The droplet sizes observed by TEM are in concordance 390 
with those obtained by dynamic light scattering. The lactoferrin/alginate-coated droplets 391 
in secondary emulsions were also spherical with a light inner region and a slightly dark 392 
outer region conforming the shell, which is presumably the two-layer coating (Fig. 5B). 393 
In the third case, the oil droplets coated by three layers (lactoferrin, alginate and ε-poly-394 
L-lysine) were characterized by a light core and a visible intense black coating that 395 
corresponded to the multilayer coating (Fig. 5C). These results confirmed that 396 
emulsions showed different microstructures depending on the layer composition on 397 
droplets. 398 
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3.6. Changes in the antioxidant activity during storage 399 
The DPPH radical scavenging activity of primary, secondary and tertiary emulsions 400 
containing resveratrol was studied during four weeks (Fig. 6). Also, the antioxidant 401 
activity of resveratrol-enriched corn oil was assessed. A significant decrease in the 402 
antioxidant activity of resveratrol-loaded oil was observed from 67.8% (day 0) to 53.0% 403 
after four weeks. This was attributed to the chemical instability of resveratrol under 404 
environmental conditions. Numerous studies have shown the high susceptibility of 405 
resveratrol to degradation by light, pH and temperature (Leiro et al., 2004; Zupančič, 406 
Lavrič, & Kristl, 2015). It has been described that resveratrol molecules can change 407 
rapidly from trans- to cis- isomers under UV light exposure, therefore reducing its 408 
biological activity (e.g. antioxidant activity).  409 
On the other hand, no significant differences were observed in the antioxidant activity 410 
of primary emulsions stored during four weeks (p < 0.05). In general, the antioxidant 411 
activity of secondary and tertiary emulsions were lower than in primary emulsions. 412 
However, the initial resveratrol concentration was also lower in multilayer emulsions 413 
due to their dilution during preparation, which might partially explain the differences in 414 
the antioxidant activity of emulsions. Nevertheless, the antioxidant activity of 415 
multilayer emulsions did not present significant changes during storage. Previous 416 
studies have reported the interactions between milk proteins and resveratrol. Protein-417 
polyphenol complexes may improve resveratrol functionality, for instance, by 418 
increasing the solubility and photo-stability (Liang, Tajmir-Riahi, & Subirade, 2008). 419 
Hence the presence of lactoferrin at the o/w interface might have led to interactions with 420 
resveratrol dissolved in the disperse phase that could have helped retain resveratrol 421 
functionality during storage. 422 
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Interestingly, the DPPH radical scavenging activity of tertiary and secondary emulsions 423 
was very similar, although the concentration of resveratrol in tertiary emulsions was 10-424 
fold lower than in secondary emulsions. Some biopolymers adsorbed at the o/w 425 
interface may also act as antioxidants, thus contributing to the overall radical 426 
scavenging activity of the emulsions. Previous studies have shown that polypeptides, 427 
such as ε-poly-L-lysine, may exhibit certain antioxidant activity (Pan & Nitin, 2015; 428 
Tikekar, Hernandez, Land, & Nitin, 2013). 429 
4. CONCLUSIONS 430 
Multilayer emulsions containing resveratrol were obtained by the electrostatic 431 
deposition of lactoferrin, alginate and ε-poly-L-lysine. The biopolymer concentration 432 
has a marked effect on the formation of multilayer emulsions. For instance, a very low 433 
concentration of either alginate or ε-poly-L-lysine resulted in extensive flocculation, 434 
which was attributed to the bridging flocculation and charge neutralization. At the 435 
highest ε-poly-L-lysine concentration, tertiary emulsions were also unstable, probably 436 
due to a depletion flocculation effect. On the other hand, the droplet size of single-layer 437 
and multilayer emulsions did not present significant differences during storage. 438 
However, there was a decrease in the magnitude of the positive ζ-potential in primary 439 
emulsions, which was not observed in multilayer emulsions during storage. The 440 
antioxidant activity of all emulsions containing resveratrol remained stable during 441 
storage, but decreased in resveratrol-enriched oil. This study provides important 442 
information concerning the formation and stability of multilayer emulsions containing 443 
resveratrol, which might be useful for the design of delivery systems of active 444 
ingredients with food interest. 445 
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Table 1. Droplet characteristics of primary emulsions containing different lactoferrin 
concentrations 
Final lactoferrin concentration 
(% w/w) 
Mean droplet 
diameter (nm) 
PdI ζ-potential 
(mV) 
0.95 224 ± 4a 0.29 ± 0.04a 48.7 ± 2.1a 
1.42 289 ± 3b 0.362 ± 0.004b 44.4 ± 1.8b 
1.90 187 ± 4c 0.153 ± 0.016c 45.8 ± 0.5ab 
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Fig. 1. Droplet size distributions of primary emulsions containing different lactoferrin concentrations in 
the aqueous phase. 
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Fig. 2. (A) Droplet size and (B) ζ-potential values of secondary emulsions containing different sodium 
alginate concentrations (ALG). The emulsions composition was 0.002% w/w resveratrol, 1% w/w corn 
oil, 0.38% w/w lactoferrin, and from 0.02% to 0.28% w/w alginate. 
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Fig. 3. (A) Droplet size and (B) ζ-potential values of tertiary emulsions containing different ε-poly-L-
lysine concentrations (ε-PLL). Emulsions were composed by 0.0002% w/w resveratrol, 0.090% w/w corn 
oil, 0.030% w/w lactoferrin, 0.020% w/w alginate, and from 0.009% to 0.045% w/w ε-poly-L-lysine. 
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Fig. 4. (A) Mean droplet size and (B) ζ-potential values of primary emulsions (PE) (0.01% resveratrol, 
5% corn oil and 1.90% lactoferrin), secondary emulsions (SE) (0.002% resveratrol, 1% corn oil, 0.38% 
lactoferrin and 0.22% alginate) and tertiary emulsions (TE) (0.0002% resveratrol, 0.090% corn oil, 
0.030% lactoferrin, 0.020% alginate and 0.036% ε-poly-L-lysine) during storage. 
100
150
200
250
300
350
400
450
500
0 7 14 21 28
M
ea
n
 
dr
o
pl
et
 
di
am
et
er
 
 
(nm
)
Storage time (day)
A
PE SE TE
-80
-60
-40
-20
0
20
40
60
0 7 14 21 28
ζ-
po
te
n
tia
l  
(m
V
)
Storage time (day)
B
PE SE TE
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
Fig. 5. Images obtained by Transmission Electron Microscopy of (A) primary emulsions, (B) secondary 
emulsions, and (C) tertiary emulsions. The magnification was 10.000x. 
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Fig. 6. Images obtained by Transmission Electron Microscopy of (A) primary emulsions, (B) 
secondary emulsions, and (C) tertiary emulsions. The magnification was 10.000x. 
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Highlights 
• Multilayer emulsions containing resveratrol were successfully obtained. 
• The biopolymer concentration in multilayer emulsions affected their oil droplets 
properties. 
• Multilayer emulsions were relatively stable during storage. 
• The antioxidant activity of resveratrol-loaded emulsions did not change during 
storage. 
